Summary: Resveratrol (RSV) is one of the polyphenols -metabolites common in plants,however it does not occur in animals. It occurs mainly in grape skin (Vitisvinifera), peanuts (Arachis hypogeal) and in the roots of (Polygonumcupidatum) a traditional Chinese curative plant. RSV has a preventive property against the most serious diseases of modern world such as cancer, neurodegenerative diseases and cardiovascular diseases. Due to pleiotropy, RSV is currently the main object of many research teams' interest, which is shown by the significant number of publications devoted to this subject. Animal and human conducted studies have shown very low bioavailability of RSV (approx. 2%), which is the result of rapid biotransformation to sulphate and to a lesser extent, to the glucuronide conjugates as well. The studies on the improvement of RSV bioavailability, which have beencarried out for many years, have contributed to the synthesis of the analogues of more chemopreventive and more desirable pharmacokinetic properties. In order to enhance antiproliferative activity and RSV bioavailability, series of methyl analogues were synthesized and this will be described later in more detail. An example of such a derivative is 4, 
INTRODUCTION
From the second half of the twentieth century, there has been observance of the development of research on the composition and pro-health properties of wine and grapes. The history of research on Resveratrol has not been defined yet but it has roots in the early of eighties, when the Japanese researchers Arichi et al. (1982) noted that the dried roots Polygonumcuspidatum were used in traditional Chinese and Japanese medicine in the product called Kojo-kon. Itadori, also called Kojokon, was used to treat a wide range of ailments such as fungal infections, various skin inflammations or heart, blood vessels and liver diseases. Studies have shown that the main active ingredient Polygonumcuspidatum is RSV [45] .
An observation has been contributed to the intensification of research on the composition of grapes and wine known as "French Paradox", which is a slogan that was formulated by French population. It shows that despite the lack of physical activity and a significant amount of consumed fats, along with wine consumption, there was an extremely low mortality rate for cardiovascular diseases [27] .
THE CHEMICAL STRUCTURE AND SOURCES OF RESVERATROL
Resveratrol (3,5,4′-trihydroxy-trans-stilbene) is one of the best known stilbenoid polyphenols of natural origin. It exists as two stereoisomers. It is composed of two phenolic rings connected by ethylene bridge. In plants, it is formed in a reaction catalysed by one of thestilbenoid synthesis from one coumaroyl-CoA molecule and three malonyl-CoA molecules [43] .
Under the influence of UV radiation, high temperature and pH, the trans form is easily isomerised to cis stereoisomer. According to available literature, cis and trans isomers differ in biological activity and durability. The trans form, which occurs more commonly in natural raw materials, is more active and more durable. Other known stilbenoid polyphenols of natural origin consist of: piceatannol, pinosylvin, rapontigentin, pterostilbene, astrigin, piceid and viniferin [41, 35, 44, 13] .
RSV is a phytoalexin produced by plants under stress factors such as bacterial and fungal infections, intense UV radiation, high temperature, nutrient deficiencies and mechanical damage. RSV was found in 72 different plants. Black grapes are the best source of 3,5,4′-trihydroxy-trans-stilbene and the red ones contain more of it than the green ones. Red wine also contains large amount of RSV that has been released from grape skin in fermentation process. Berries are the other natural source of RSV. Such a compound is also present in the leaves and flowers of Scots pine, white hellebore, orchids and rheum. 3,5,4′-trihydroxy-trans-stilbene was also found in cocoa, tomato skin and chocolate [43, 12] .
THE BIOLOGICAL ACTIVITY OF RESVERATROL
In view of the multidirectional RSV properties, research on the biological activity has been carried out by many research groups over the past decade. RSV has a preventive property against the most serious diseases of modern world such as cancer, neurodegenerative diseases and cardiovascular diseases. Furthermore, RSV delays ageing and have moderate antibacterial and antifungal properties [46, 17] .
RSV inhibits the carcinogenesis by affecting the initiation process, promotion and progression of cancer. In tests carried out in both in vitro and in vivo models, the ability of RSV to inhibit cancer by multiple mechanisms has been demonstrated. The results of tests carried out on male rats dosed with 20 mg/kg of RSV for 28 days show that RSV does not have any significant systemic toxicity. Such a dose is a thousand times higher in comparison to the daily dose consumed by humans [46, 18] .
Confirmatory tests proving the RSV chemopreventive properties, which have been conducted in the last five years, primarily focus on lung, breast, prostate and colon cancer models.
Moreover, RSV shows anti-diabetic properties and protective effects on diabetic complications. Positive preventive actions in diabetic neuropathy is the result of nuclear factor erythroid 2-related factor2 (Nfr2), SIRT1 (NADdepent protein deacetylase sirtuin-1) activation and the inhibition of NF-κB (Nuclear factor-κB) and AP-1 (Activator protein 1) activation. SIRT1 is an important molecular regulator of energy metabolism and cellular mitochondrial homeostasis. Therefore, the activation of SIRT1 is an alternative way to improve the function of mitochondria [38] .
Several studies, using both in vitro and in vivo model, have shown neuroprotective properties of RSV. In cell culture isolated from the infant rat's midbrain, which had stroke,there has been observance of reduction of the reactive oxygen from Reactive Oxygen Species (ROS) and a significant increase in the level of extracellular glutathione as a result of RSV [26] . In the observed test group of rodents with models of stroke, a reduced stroke impact area and improved cognitive functions after parenteral and oral intake of RSV were observed. Best neuroprotective effects of RSV occur when the intake took place during or immediately after stroke [40] . RSV has also a positive effect in Alzheimer's disease because of its ability to reduce cognitive disorders, interneural amyloid beta deposit, hyperphosphorylation of tau protein in the hippocampus and its neuroprotective properties. In behavioural studies of mice, there has been demonstrated that RSV improves memory by SIRT1-dependent pathway [29] .
As evidenced by the results of numerous studies, RSV shows anti-inflammatory properties. Rahal et al. [33] have shown that RSV in a rat model of Crohn's disease reduces the level of inflammatory cytokines (TNF-α, TNF-β1 oraz IL-1βi IL-6) and decreases the level of tissue fibrosis. In a model of acute pancreatitis induced by taurocholate, RSV reduced histopathological changes and lowered the level of biochemical markers in blood serum (renin activity, angiotensin II level, endothelin and NO) [5] .
In literature, there is much information about the therapeutic effects of RSV on cardiovascular system diseases. During the studies conducted on rats with spontaneous hypertension, there has been shown that the treatment with RSV reduces systolic blood pressure, cardiac fibrosis and it increases the efficiency of its functions. RSV reduces the area of myocardial infarction and reperfusion time in rats [29] . As it has been demonstrated in the tests with mice with diet induced hypercholesterolemia, RSV has protective effects on atherosclerosis. The test group showed a decrease in aortic area changed by atheromatous and in cholesterol level in blood plasma, an increase in number of stability markers of atherosclerotic plaque and improvement of macrophage function [4] .
In addition to anticancer, neuro and cardiovascular protective effects, RVS shows the ability to retard the cells ageing through the increase in the activity of telomerase. In tests carried out on older (14-15 months old) female mice after a year-long RSV supplementation, in addition to the increase in the activity of telomerase, there was also an increase in the length of telomeres and gene expression related to SIRT1. Increased expression of SIRT1, resulted in higher telomerase activity. Basing on the above-mentioned study results, it can be concluded that there occurs a positive knock-on effect between the gene expression of SIRT 1 and telomerase activity [23] .
RSV and its metabolites have an influence on the expression of various isoforms of cytochrome P450. Not only does 3,5,4′-trihydroxy-trans-stilbene have a moderate ability to inhibit CYP1A1 and CYP1B1 but it has also poor ability to inactivate CYP1A2. The research conducted by Mikstacka et al. [25] have presented that RSV methyl derivatives show greater selectivity and inhibition of cytochrome P450(CYP) than RSV.
In the above-mentioned available literature, data shows that RSV is a molecule which has multidirectional pharmacological activity. Moreover, a very low RSV bioavailability limits the use of its healing potential. Conducted research on the RSV analogues synthesis, including its methyl derivatives, are intended to obtain compounds with improved pharmacokinetic and pharmacological properties.
THE BIOAVAILABILITY AND BIOTRANSFORMATION OF RESVERATROL
RSV contained in red wine has the highest bioavailability, however, it is much lower in white wine and grape juice [6, 30] . In human body, RSV is absorbed in jejunum and ileum. Animal and human conducted studies have shown very low bioavailability of RSV (approx. 2%), which is the result of rapid biotransformation to sulphate and, to a lesser extent, to the glucuronide conjugates as well. RSV sulfate derivatives appear in the bloodstream in about 30 min after an intake. Such compounds are detectable in the blood up to 9 hours after an intake and then they are excreted in urine and feces. The presence of P450 1A2 inhibitors results in a significant reduction in the number of created metabolites. After an intake, RSV is metabolised in hepatocytes and its t 0.5 ranges from 8 to 14 minutes. RSV is a substrate for three cytochrome P450 isoforms: CYP1A1, CYP1A2 and CYP1B1.
CYP1B1 is involved in the RSV metabolic activation by its hydroxylation to piceatanool (3,5,4′-trihydroxy-trans-stilbene), which has a strong cytotoxic activity against cancer cells. Potter et al. [32] have demonstrated the occurance of three metabolites formed by the hydroxylation of RSV tetrahydroxystilbene (piceatanool), pentahydroxysystillbene and tetrahydroxystilbene. The largest amount was present in piceatanool. Piceatanool inhibits CYP1B1 activity but it does not inactivate the enzyme completely.
In vitro model studies have shown that RSV is an inhibitor of P450 1B1 isoform (procarcinogenic activator) in human bronchial epithelial and breast glandular epithelium cells [42] . In vitro studies have demonstrated the ability of RSV to irreversible inhibition with Ki of 20 μM. Furthermore, Yu et al. [47] have reported that RSV and its metabolite (trans-resveratrol-3-O-sulfate) are CYP3A inhibitors. Chang and Yeung [9] have shown that RSV inactivates CYP3A4 in the presence of NADPH. The wide scope of RSV activity on human body, both in prevention and treatment of various diseases, is limited by its extremely low bioavailability (approx. 2%). The studies on the improvement of RSV bioavailability, which have been carried out for many years, have contributed to the synthesis of the analogues of more chemopreventive and more desirable pharmacokinetic properties [16] .
THE RESVERATROL ANALOGUES
The following elements of a compound chemical structure have the essential meaning for the biological activity of RSV and its derivatives; the number and position of hydroxyl groups, the presence of intramolecular hydrogen bonds, spatial isomerism and double bonds [28] .
The analysis of the relationship between chemical structure and biological activity has demonstrated that the replacement of the hydroxyl groups on methyl enhances the cytotoxic effects of created RSV derivatives. In order to enhance antiproliferative activity and RSV bioavailability, series of methyl analogues were synthesized and this will be described later in more detail [15] .
Furthermore, Colin et al. [11] have demonstrated that the acetyl RSV derivatives are captured more efficiently by the cell as compared to the parent compound with the maintenance of the cytostatic and cytotoxic effects on the starting material level.
Another important observation of the relationship between chemical structure and biological activity is the fact that the ability to inhibit the growth of human prostate cancer cells DU-145 by RSV derivatives is maintained or even increased in the case of the absence of free hydroxyl groups. It is worth noticing that the results of the earlier published works indicate that the presence of free hydroxyl groups is required to inhibit the cell cycle and to reduce DU-145 cell lines lifespan [8] . Regev-Shoshani et al. [34] have described the effects of methylation and RSV glycosylation at p-hydroxy or m-hydroxy position. These modifications increase the protection against enzymatic oxidation and they prolong its half-life in the cell.
THE METHYLATED RESVERATROL ANALOGUES
RSV methyl analogues have similar biological activity to the parent compound. They are characterized by increased bioavailability due to enhanced lipophilicity so that they are transported into cells more easily. RSV methylation also increases immunity to biotransformation and inhibits the metabolism rate [19] .
Cardile et al. [7] have shown that the substitution of phenyl stilbene ring for methyl group at position 3,4 and 4,3,5 enhances anticancer properties of created derivatives. The biggest biological activity of the tested compounds was found in a natural RSV analogue: 3,4', 5-trimetoxystilbene (TMS) which shows GI 50 (concentration of the anticancer drug that inhibits cancer cell growth by 50%) on vinorelbine level.
TMS, comparing to RSV, has stronger anti-proliferative properties in several cell lines such as: SKOV-3 (ovarian cancer), Caco-2 (colon cancer), A-549 (lung cancer), Hep-2 (liver cancer), Vero (kidney cancer). The intensification of TMS anticancer property is likely to stem from two characteristics that distinguish it from RSV. Three TMS methyl groups significantly increase the lipophilic character of the molecule, which results in increased cell membrane permeability and in effect causes an increase in the intracellular concentration of TMS. Furthermore, the results of the conducted studies indicate that TMS has the ability to destabilise the process of microtubules in cancer cells at very low concentrations such as 1μM RSV, in contrast to TMS, does not show such properties [1] .
Studies conducted with the annexin V assay and morphological tests on the acute myeloid leukemia (HL-60) cell lines demonstrate that the pro-apoptotic effect induced by TMS is 10-12 times higher as compared to RSV [39] .
Belleri et al. [3] have demonstrated that antiangiogenic TMS, defined by the endothelial cell proliferation and morphogenesis, was a 100 times stronger than that of RSV which constituted the starting material. Furthermore, it has been shown that TMS has stronger anti-inflammatory and anti-atherosclerotic activity. The mechanism of such an action involves the inhibition of inflammatory cell adhesion and the activation of NF-kB channel [14] . The results of these studies show that after intravenous administration to rats a single dose of RSV (5mg/kg), the clearance was 8-9 times higher than for TMS, which indicates more rapid RSV elimination from the body [22] .
DMU-212
A conducted research in both in vitro and in vivo models have already showed stronger anti-proliferative and proapoptotic activity and greater bioavailability of RSV derivatives with ortho-methyl substituents as compared to a parent compound. An example of such a derivative is DMU-212 (3,4,4'5-tetramethoxystilbene) [10] .
The results of the tests conducted by Sale et al. [37] point out an increased DMU-212 bioavailability in the small intestine, colonic mucosa and brain as compared to RSV. Higher DMU 212 availability in brain suggests that it overcomes the blood-brain barrier more easily than RSV. Such a change in the pharmacokinetics of a compound may be the result of an increase in DMU-212 lipophilicity, which happaned as a result of replacing three hydroxyl groups present in the RSV with four methyl groups.
Such a discrepancy in the metabolic profile is another factor which determines the differences in the pharmacokinetic features of RSV and DMU-212. As it is known, RSV undergoes phase II metabolic reactions which means conjugation with glucuronic acid and sulfuric acid. DMU-212, however, undergoes oxidation in liver, primarily O-demethylation at positions 3,4 or 4 ' and hydroxylation. Sale et al. [37] have demonstrated that methylation of hydroxyl groups with RSV and the introduction of new methyl group in position 4 destroys the ability to inhibit COX-2 expression. However, it does not limit the potential for inhibiting the adenomas formation and the ability to reduce PGE-2 level.
The results of studies conducted by Cichocki et al. [10] on ovarian cancer cell culture have shown that DMU-212 has stronger antiproliferative and apoptotic effect than RSV. Other groups have received similar test results on different cell lines. DMU-212 also show anti-inflammatory activity as a result of pro-inflammatory transcription factors inhibition particularly NF-kB and iNOS (inducible nitric oxide synthase), which has been confirmed in a model of rat liver cancer. The achieved effects make DMU-212 a good starting point for designing compounds with greater anti-proliferative activity.
DMU-212 shows more potent anticancer properties than RSV respectively in human breast cancer cell lines MDA-MB-435 and MCF-7. The mechanism of this action may occur due to the cell cycle arrest in G2/M phase by RSV. Moreover, DMU-212 induces apoptosis by reducing the expression of anti-apoptotic proteins Bcl-2 and Bcl-XL. DMU-212, similarly as RSV, also inhibits cell growth by inhibiting Stat3 protein activation which has oncogenic properties. On the contrary to RSV, DMU-212 causes a significant increase in tubulin polymerisation, which indicates the validity of research on DMU-212 to demonstrate its antimitotic activity [24] .
Cytochrome P450 CYP1B1 isoform is overexpressed in a variety of human cancer types (e.g. breast, prostate, uterus and ovaries). Isoforms CYP1B1 and CYP1A1 have the ability to activate many procarcinogens and catalyse the estrogen hydroxylation, which seems to be a key element of the hormone-dependent carcinogenesis. That is why the compounds with the ability to inhibit CYP1A1 and CYP1B1 protein expression may represent a new class of potential anticancer drugs. Piotrowska et al. [31] have showed that DMU-212 reduces CYP1A1 and CYP1B1 protein expression in human ovarian cancer cell lines SKOV-3 and A-2780. In the case of cell line A-2780, there was reported a total inhibition of CYP1B1 protein expression. The results of this study also indicate that DMU-212 has the ability to regulate genes which are responsible for the process of apoptosis in both mitochondrial and extrinsic pathways.
THE ANALOGUES OF DMU-212
In vivo metabolic demethylation and hydroxylation lead to the creation of five metabolites DMU-212: DMU-214, DMU-281, DMU-291, DMU-295 and DMU-807 which have potential cytotoxic properties [37] .
Androutsopoulos et al. [2] have demonstrated that DMU-214, similarly as a parent compound, shows cytotoxic properties in submicromolar concentrations against cell lines breast MCF-7 and liver cancer HepG2. The inhibition of cell proliferation by DMU-214 occurs as a result of apoptosis induction -inhibiting cell cycle in G2/M phase, decreasing p53 protein and apoptotic Bax gene expressions and increasing anti-apoptotic gene BCL-xL. The 3,4,4'-trimethoxy moiety in stilbene structure is an element responsible for the antiproliferative activity. Hydroxylation of DMU-212 metabolites in position 3, 4 and 4' largely lowers antiproliferative properties. The published results point out that the anticancer activity of DMU-212 is primarily a result of metabolic conversion to DMU-214.
The studies conducted by Androutsopoulos et al. [2] show that DMU-281, DMU-291 and DMU-807 have also the ability to inhibit the proliferation of breast cancer cells MCF-7 and liver HepG -2, however, one has failed in setting IC 50 values for them. The presence of free hydroxyl groups in positions 3, 4 and 4' results in reduced pharmacological activity due to rapid excretion in the form of glucuronides and sulfates, as well as reduced compound lipophilicity.
DMU-212 and its metabolite DMU-214 show pro-apoptotic properties as a result of protein p53 activation, which is a cell cycle inhibitor. As a result of the apoptosis activation, the next cell division does not take place [2] . Apoptosis is the desired type of cancer cell death induced by anti-cancer drugs because it does not lead to the inflammatory process formation.
